ABSTRACT: Apoptosis is a controlled form of cell death that can be induced by various diseases and exogenous toxicants. Common apoptosis-detection methods rely on fluorescent markers, which necessitate the use of costly reagents and time-consuming labeling procedures. Label-free methods avoid these problems, but often require specialized instruments instead. Here, we utilize apoptotic-cell disintegration to develop a novel label-free detection method based on the quantification of subcellular debris particles in bright-fieldmicroscopy images. Debris counts show strong correlations with fluorescence-based annexin V staining and can be used to study concentration-dependent and temporal apoptosis activation. The method is rapid, low-cost, and easy to apply, as the only experimental step comprises bright-field imaging of culture-media samples followed by automated image processing. The late-stage nature of the debris measurement means that the method can complement other, established apoptosis assays, and its accessibility will allow a wider community of researchers to study apoptotic cell death.
A poptosis is a highly regulated form of cell death with an important role as a counterpart to mitosis in maintaining physiological homeostasis. 1 Thus, its dysregulation is associated with various diseases, including cancer and neurodegenerative disorders. 2 Apoptosis activation is also commonly involved in drug-induced cytotoxicity. 3 The importance of apoptosis has prompted the development of numerous in vitro detection methods. 4 Many methods are based on fluorescent labeling of apoptotic features, such as DNA fragmentation (TUNEL), 5 phosphatidylserine externalization (annexin V binding), 6 and caspase activation. 7 However, these methods are usually time-consuming and require expensive reagents and instruments. Furthermore, multiple measurements of the same cells over time are often not possible.
Alternatively, apoptosis can be investigated by observing the distinct morphological changes it entails, typically by light or electron microscopy. 8 These changes include cell shrinkage, pyknosis, and membrane blebbing and end with fragmentation into membrane-bound vesicles (apoptotic bodies) for removal by phagocytes. 9 Microscopy-based morphological-detection methods have the advantage of being label-free but are generally qualitative, because of the subjective image interpretation. Nevertheless, there have been attempts to turn morphological observations into quantitative apoptosis assays, using phase-contrast microscopy (PCM) or digitalholographic microscopy (DHM) combined with computational image processing to detect apoptotic changes in cellular shape and volume. 10−12 These methods have been successfully used to study apoptosis in primary cells and cell lines.
Although PCM-and DHM-based assays seem encouraging, they still require specialized microscopes and complex computational techniques that are not widely available.
Other proposed concepts for label-free apoptosis detection (e.g., surface-plasmon resonance, 13 dielectrophoresis, 14 and voltammetry 15 ) involve similar problems. Label-free assays would have a broader appeal if more readily available techniques, such as bright-field microscopy, could be used instead. However, this depends on the identification of apoptotic features that are visible in bright-field microscopes. Apoptotic cell disintegration presents an opportunity here, as apoptotic bodies have diameters of 1−5 μm, 9 which is observable at relatively low magnification. Debris particles of this size have been observed after apoptosis induction, but image-based quantification has been difficult. 14 Here, we use primary human hepatocytes and MDCK cells as models to demonstrate the feasibility of quantifying subcellular debris particles in bright-field-microscopy images as a measure of apoptosis. The method uses a simple ImageJ macro for automated image processing and debris counts, and no special skills are required for its application. The debris we detected were within the size range of apoptotic bodies, and the debris counts were highly correlated with annexin V staining, the most common fluorescent apoptosis marker. Caspase inhibition gave decreased debris counts, consistent with lower apoptosis levels. Further, we could detect concentration-dependent and temporal apoptosis induction by cytotoxic compounds. Thus, debris counts constitute a novel tool for quantifying late-stage apoptosis in cell culture. Our method is rapid, label-free, and low-cost and should be readily applicable for any laboratory equipped with a light microscope and camera for bright-field imaging.
■ EXPERIMENTAL SECTION
Materials. Media and cell-culture supplements were purchased from Thermo Fisher Scientific or Sigma-Aldrich, unless otherwise indicated. Compounds were obtained from Sigma-Aldrich, UBP Bio, and Toronto Research Chemicals.
Human Hepatocytes. Tissue from human-liver resections was obtained, with informed consent, from the Department of Surgery, Uppsala University Hospital, Sweden, as approved by the Uppsala Regional Ethical Review Board (Ethical Approval no. 2009/028). Hepatocytes were isolated using a two-step collagenase-perfusion procedure described elsewhere. 16 For cryopreservation, hepatocytes were resuspended at 10 × 10 6 viable cells/mL in KaLy-Cell medium (KaLy-Cell) or CryoStor CS10 (BioLife Solutions) with 10% FBS. Cryovials with 1 mL cell suspensions were kept in isopropanol freezing containers at −80°C for 2 h and stored at −150°C. Thawing was performed in a 37°C water bath for 2 min. The cell suspension was poured into 50 mL tubes containing prewarmed medium, either DMEM with 30% isotonic Percoll (GE Healthcare) or cryopreserved-hepatocyte-recovery medium (CHRM, Thermo Fisher Scientific). Tubes were centrifuged at 100g for 10 min, and supernatants were aspirated. Hepatocytes were resuspended in warm DMEM with 25 mM HEPES, 4.5 g/L glucose, 5% FBS, 4 μg/mL insulin, 1 μM dexamethasone, 4 mM Lglutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. For adherent culture, the cells were added to collagen I coated multiwell plates at 0.75 × 10 6 cells/mL and incubated for 3 h at 37°C and 5% CO 2 . The medium was then replaced with hepatocyte-maintenance medium (HMM, Lonza) containing 10 μg/mL insulin, 5.5 μg/mL transferrin, 5 ng/mL selenium, 0.1 μM dexamethasone, 100 U/mL penicillin, and 100 μg/mL streptomycin (complete HMM).
Cell Viability. Cell viability was measured with acridine orange (AO)−propidium iodide (PI) staining using a Cellometer Vision CBA image cytometer (Nexcelom Bioscience). Cell suspensions were gently mixed before collection of 20 μL samples for analysis to ensure that representative, homogeneous suspensions were obtained. Fluorescence was analyzed with VB-535-402 (excitation at 475 nm, emission at 535 nm; AO) and VB-660-502 (excitation at 540 nm, emission at 660 nm; PI) filters.
Apoptosis in Cell Suspensions. Apoptosis in hepatocyte suspensions was analyzed with fluorescent markers for activated caspase-3 and -8 using CaspGLOW Fluorescein Active Caspase Staining Kits (BioVision) and an annexin V− FITC conjugate (BioLegend) according to the manufacturer's instructions, with minor modifications. Samples were gently mixed, and 20 μL was collected from each, which was analyzed with a Cellometer Vision CBA, using the VB-535-402 filter.
Cell-Debris Analysis. Using the open-source ImageJ distribution Fiji, 17, 18 we developed an automated macro for counting debris particles in bright-field images. Images were acquired with the built-in microscope of the Cellometer Vision CBA (10× magnification), in parallel with fluorescence analysis. First, images were converted to 8 bit grayscale.
Second, Gray Morphology was applied, using the "erode" operator and a 5 pixel circular-structure-element radius. Third, Subtract Background was used with the "light background" and "sliding paraboloid" options active, using an 8 pixel rolling-ball radius. Fourth, images were automatically thresholded with the Triangle algorithm. Fifth, a watershed operation was performed. Finally, Analyze Particles was used to count particles of 10−200 square pixels with circularity of 0.5−1. Data were obtained as a tab-separated text file. Samples were counted in technical quadruplicates. The operations and size settings used were well suited for the cells we analyzed in this particular imaging setup, but optimization might be required for other cells and microscopes. The ImageJ macro is provided as Supporting Information, together with more detailed usage instructions. A slightly modified macro was used to measure particle sizes. Notably, this did not include the Gray Morphology and Subtract Background operations, which facilitate detection but alter particle size and shape.
Collection of Nonattached Hepatocytes. Hepatocytes were cultured for 3 h. Nonattached hepatocytes in culture medium were carefully collected to obtain representative samples, centrifuged at 150g for 5 min, and resuspended in a small volume of PBS. Bright-field images of 20 μL samples were obtained as in the Cell-Debris Analysis section.
Apoptosis Inhibition in Cultured Hepatocytes. Hepatocytes were cultured with a concentration series of the pancaspase inhibitor Z-VAD-FMK (0−190 μM). The culture medium was carefully collected after 3 h, and bright-field images of 20 μL cell-suspension samples were obtained as in the Cell-Debris Analysis section.
Apoptosis in Hepatocyte Suspensions. Hepatocytes were resuspended in complete HMM and diluted to 1.5 × 10 6 cells/mL; 500 μL of cell suspension was transferred to 10 mL tubes and gently rocked at 37°C. Annexin V staining and debris counts were analyzed in representative samples after 0, 2, 4, and 7 h.
Apoptosis Induction in Hepatocytes and MDCK Cells. Hepatocytes were cultured in collagen I coated 24-well plates (375 000 cells/well). MDCK cells were suspended in DMEM with GlutaMax and 10% FBS, seeded in 96-well plates (75 000 cells/well), and incubated for 24 h at 37°C and 5% CO 2 . The medium was replaced, and compounds were added from DMSO stocks. Representative samples were collected after 7, 24, and 48 h by carefully pipetting up and down several times. Debris counts were performed, and caspase activity was measured using the CellEvent Caspase-3/7 Green Detection Reagent (Thermo Fisher Scientific), according to the manufacturer's instructions.
■ RESULTS AND DISCUSSION
Measurements of Cell Debris in Bright-Field-Microscopy Images. We routinely acquire bright-field-microscopy images of human-hepatocyte suspensions together with cellconcentration and -viability assessments. In these, we have observed that less-viable cell preparations tend to contain higher levels of debris particles. This prompted an investigation into the utility of debris quantification as a simple measure of apoptosis. Primary human hepatocytes are widely used in studies of the absorption, distribution, metabolism, excretion, and toxicity (ADMET) of xenobiotics, and the ability to probe different apoptosis stages in vitro is important. 19 Thus, we developed an ImageJ macro for automatic image processing and debris counting (Figure 1 that debris particles were successfully identified and counted and that cells were not included in the counts ( Figure S1 ).
Cell Debris as a Quantitative Measure of Apoptosis. To investigate the origins of the imaged debris particles, we used a modified macro (see the Experimental Section) to measure actual particle-size distributions in cryopreserved human-hepatocyte batches from 14 different donors immediately after thawing. The mean particle diameter was 4.4 ± 2.2 μm, with approximately 70% of the particles within 2−5 μm (Figure 2a ). This matches reported sizes of apoptotic bodies, 9 indicating that the majority of the detected debris originated from apoptosis. In fact, the small debris particles associated with total plasma-membrane rupture caused by necrotic cell death 20 are likely not visible in our low-magnification images. Particles larger than 5 μm presumably comprised aggregates and, possibly, residual small cells, such as erythrocytes and nonparenchymal liver cells.
We then evaluated the applicability of debris quantification for measuring apoptosis by comparing post-thaw debris counts from the 14 hepatocyte batches with different fluorescent apoptosis markers. We used image cytometry for these analyses, which has been shown to give similar results to conventional flow cytometry. 21 As expected, debris counts were negatively correlated with general cell viability (Pearson's r = −0.70, Figure S2a ). However, a much stronger correlation was observed with annexin V staining of phosphatidylserine externalization (Pearson's r = 0.91, Figure 2b ), a widely used apoptosis marker. 4, 22 Interestingly, debris counts covered a wider range of values than annexin V staining, with maximum and minimum fold differences of 3.5 and 2.1, respectively, showing that the method can measure a continuous spectrum of apoptosis levels. In contrast, we observed only moderate correlations with markers for caspase-8 (initiator caspase) and caspase-3 (effector caspase) activation (Pearson's r = 0.61 and 0.59, respectively; Figure S2b,c) . This is consistent with the later occurrence of phosphatidylserine externalization compared with caspase activation during apoptosis progression and with cell disintegration constituting the last stage (Figure 2c) . 9, 23 Indeed, the early markers (caspase-8 and caspase-3) showed strong correlations with each other, as did the late markers (annexin V and debris counts), but the correlations between early and late markers were much weaker (Figures 2d and S2d−f). Altogether, these results demonstrate the utility of counting cell debris to quantify the total levels of late-stage apoptosis in a cell sample and that the applicability of the method is not hampered by the relatively minor presence of particles that may have nonapoptotic origins.
Reduction of Cell Debris via Apoptosis Inhibition. To further investigate the utility of debris quantification, we applied the method to images of cryopreserved hepatocyte suspensions from 41 different experiments, including images captured immediately after thawing and images of the corresponding culture medium after 3 h in collagen I coated multiwell plates (containing nonattached cells). We have previously demonstrated that nonattached hepatocytes show increased apoptosis activation. 24 Here, we observed that this was accompanied by increased debris counts, with 2-fold higher levels in nonattached cell fractions than in cell suspensions immediately after thawing (Figure 3a) .
Next, we investigated whether apoptosis inhibition would decrease debris counts. For this purpose, cells from four hepatocyte batches of different quality (in terms of attachment ability and cellular morphology) 24 were cultured for 3 h with 0−190 μM Z-VAD-FMK, a potent pan-caspase inhibitor. 25 Debris counts in the culture medium decreased with increasing Z-VAD-FMK concentration in a dose-dependent manner for all except the highest-quality batch, where almost all cells could attach and survive (Figure 3b ). This further supported the notion that the observed debris mainly resulted from apoptosis.
Detachment-Induced Apoptosis in Hepatocytes. By necessity, hepatocyte isolation disrupts cell−cell and cell− matrix connections. The loss of anchorage triggers apoptosis Figure 1 . Quantification of subcellular debris using bright-fieldmicroscopy images. Images were processed with an ImageJ macro, and debris particles in the size range of apoptotic bodies were automatically counted (highlighted in red). through anoikis. 26 Such spontaneous apoptosis progresses relatively rapidly in suspension culture. 27 Therefore, we assessed whether hepatocytes kept in suspension would show a temporal increase in debris and apoptosis levels. Hepatocytes were cultured at 37°C for 7 h and analyzed with annexin V staining and debris counts. Both parameters showed similar continuous increases over this period (Figure 4 ), demonstrating that debris counts can be used to follow apoptosis over time. The fact that debris gradually builds up in the culture medium presents an interesting advantage of our method. Apoptosis can proceed from initiation to completion in only 2−3 h, 1 and methods based on intermediate steps of the apoptotic process would not detect completely disintegrated cells if performed too late, thus potentially underestimating apoptosis levels in cases of very rapid progression. Contrarily, debris counts provide a measure of total apoptosis levels up until the time of imaging. We note that our method can thus not be used to follow the time-course of apoptosis in individual cells, but it enables the study of overall apoptosis progression in the same culture vessel over time.
Compound-Induced Apoptosis in Hepatocytes and the MDCK Cell Line. Finally, we investigated whether debris counts could be used to measure concentration-dependent apoptosis upon the addition of toxic compounds. We tested primary human hepatocytes as well as Madin−Darby caninekidney (MDCK) cells, a canine cell line originating from the kidney tubular epithelium, to assess differences in the responses of two principally different cell types. Further, hepatocytes and MDCK cells are important for studies of hepatotoxicity and nephrotoxicity, respectively, 19,28 highlighting the relevance of apoptosis measurements in these cell types. After 24 h in culture, two concentrations of celecoxib (20 and 100 μM), chlorpromazine (10 and 50 μM), diclofenac (100 and 500 μM), and doxorubicin (10 and 50 μM) were added. Concentrations were selected on the basis of previously observed toxicity. 29−32 Apoptosis induction was monitored by caspase activity and debris counts after 7, 24, and 48 h.
Celecoxib, a known apoptosis inducer, 29 triggered a sharp concentration-dependent increase in caspase activity already after 7 h in both cell types (Figure 5a ). This was reflected by early high debris counts in hepatocytes, whereas MDCK cells showed a slower increase up to 48 h. Celecoxib-treated hepatocytes showed markedly declined fold increases compared with the untreated control after 48 h, which may point to late breakdown of rapidly formed debris. Indeed, it is known that apoptotic bodies may eventually rupture in the absence of phagocytosis. 20 Chlorpromazine triggered slightly lower levels of caspase activation in hepatocytes, with no debris until after 24 h (Figure 5b ). Both parameters gradually increased after 24 h of chlorpromazine exposure in MDCK cells. Diclofenac gave a temporal increase in hepatocyte caspase activity, with a considerable lag time before the initial appearance of debris at 48 h (Figure 5c ). MDCK cells were relatively unaffected by diclofenac. This discrepancy likely results from the formation of diclofenac metabolites in hepatocytes, which are more toxic than the compound itself.
31 Doxorubicin did not trigger caspase activation in hepatocytes and only led to slightly increased debris levels (Figure 5d ). In contrast, doxorubicin increased caspase activity in MDCK cells and resulted in very high debris counts. The higher apoptosis induction in the cell line is probably related to the mechanism of action of doxorubicin, which involves DNA-binding and antiproliferation. 33 Human hepatocytes do not proliferate in vitro, 34 which could partly explain their decreased sensitivity. Curiously, doxorubicin gave higher levels of caspase activation and debris counts in MDCK cells at the low concentration (10 μM), possibly because of extreme toxicity at the high concentration (50 μM), which may have killed the cells through other mechanisms before caspase activation could be detected.
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■ CONCLUSIONS
In this study, we show that subcellular debris particles visible under a bright-field microscope can be used to quantitatively measure late-stage apoptosis levels. The method we developed is experimentally straightforward, as it only entails bright-field imaging of culture-media samples and automated image processing and can be used to measure apoptosis levels in suspension and adherent cell culture. Because no expensive reagents or specialized instruments are required, the method enables label-free detection of late-stage apoptosis in laboratories where other approaches would be prohibitively costly and ultimately allows a broader range of researchers to study this important mechanism of cellular demise. 
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
We thank Maria Karlgren for providing the MDCK cells. This work was supported by the Swedish Research Council (grant nos. 2822 and 01951).
